Abstract-This paper proposes a fully integrated broadband power amplifier for LTE-A application using GaAs HBT process. To improve the linearity and broadband performance, RC feedback structures and dynamic bias circuits are employed and designed through optimization. With careful design of the broadband matching networks in the proposed 3-stage power amplifier topology, a power gain above 21.6 dB is achieved from 1.8 GHz to 2.8 GHz. Driven by an 80 MHz wideband LTE-A signal with PAPR of 7.5 dB, the designed RF power amplifier achieves an average output power about 22 dBm at ACLR = −30 dBc over the entire 1 GHz frequency band. Considering the broad bandwidth of the driven signal and wide frequency coverage bandwidth, the performance merits of the proposed design compare favorably with the state-of-the-art.
from 1.7 to 2.05 GHz. The aforementioned works have proven the advantages of the GaAs process over CMOS for the fully integrated PAs in LTE applications. However, none of them evaluated the influence of the broadband signals aggregated by several 20 MHz carriers.
In this paper, a fully integrated PA using GaAs HBT process is proposed and tested under an 80 MHz broadband signal aggregated by four 20 MHz wideband carriers from 1.8 GHz to 2.8 GHz. This design employs an equalizer in the input matching network to balance the power gain and several optimized dynamic bias circuits along with R-C feedback structures to improve the linearity. This paper is organized as follows. Section 2 describes the topology of the proposed PA and specific design considerations, including the linearity optimization of the bias circuits and the broadband design of the matching networks. The experimental results, including the measured results under small signals, continuous-wave and modulated signals, are reported in Section 3, followed by the conclusion in Section 4.
CIRCUIT DESIGN
High linearity and broadband frequency coverage are two main design goals in this paper. In order to meet the strict adjacent channel leakage ratio (ACLR) requirements of LTE-A, several efforts are made to achieve enough linearity . The general topology of the proposed broadband PA is shown in Figure 1 . R-C feedback structures are inserted between the output and the input of the power stages to increase the linearity and relieve the stress of broadband matching over 1.8 GHz to 2.8 GHz. To compensate the gain loss caused by R-C feedback networks, a 3-stage cascade structure is used with emitter area ratio of 1 : 2 : 4. This guarantees enough linear space for the first two drive stages, but with the sacrifice of low efficiency.
When the bandwidth of the signal increases using the carrier aggregation technique, the ACLR will also degenerate quickly. This is due to the fact that the third-and the fifth-order intermodulation components of the PA will affect the ACLR directly [8] . In the situation of n-subcarrier two tone test, the ACLR and third-order intermodulation distortion (IMD3) have a relation as [9] ACLR n = IMD3 + C n (1) where C n is a correction factor relating to the number of sub-carriers. A low IMD3 value can still effectively reflect a good ACLR of the RF PA, even though the relationship would be much more complex for the CA operation. During the simulation in this design, IMD3 is one of the most important metrics to evaluate the linear performance of the power amplifier and to optimize the values of the components in bias circuits and matching networks. The bias circuit should be designed first, because it determines the working state and the basic performance of the whole power amplifier. Dynamic biasing structures are preferred to enhance the linear performance of a HBT PA, for the base bias voltage of the PA will decrease along with the increase of the input power [10] . The employed bias circuit structure is shown in Figure 2 (a). The diode-connected HBT1 and HBT2 offer the biasing voltage for the base of HBT3. C 1 is connected to the base of HBT3 and shorts the leaking RF signals. Therefore the voltage at the base of HBT3 will keep stable when the increased input RF power leaks to the bias circuit. The rectified signal to bias circuit will also cause the voltage drop between the base and emitter of the HBT3, which will compensate the voltage drop of power stage under biasing. To get best linearity under the broadband LTE-A signals, the 1st and 2nd stage are biased near the class-A mode and the 3rd power stage is biased near the class-AB mode. Because this design is used as the drive stage power amplifier in the base station, the sacrifice of certain power efficiency for the higher linearity performance is acceptable.
During the optimization of bias circuits, the value of C 1 is found to affect the linearity of the whole PA. Figure 2 gives the simulated IMD3 of the whole 3-stage PA for different values of C 1 . The two-tone test is taken with the tone spacing of 20 MHz centered at 2.3 GHz. When the value of C 1 increases from 0.5 pF to 2.5 pF, the improvement of both the lower and higher IMD3 is more than 10 dB for the output power below 28 dBm. However, when C 1 is bigger than 2.5 pF, the improvement in IMD3 is limited and the size of C 1 makes it a big component in the layout. Therefore, C 1 of the bias circuit is chosen as 2.5 pF, achieving a good balance between the linearity improvement and chip size consumption. To fulfill the high linearity requirements over the entire frequency range of 1.8 GHz∼2.8 GHz, each stage should be carefully designed with both the dynamic bias circuits and R-C feedback networks connected. The power loss due to R-C feedback networks is determined by the value of the feedback resistor R f [11] , and the feedback capacitor C f is mainly used to block the DC signals. To get enough drive gain, the R f is set as 500 Ω with a C f of 2.7 pF for each stage. Simulation results show that the power loss due to the R-C feedback is about 1dB. The R-C feedback structure in this work is found to be more effective in increasing the stability than increasing the bandwidth. To fulfill the high linearity requirements from 1.8 GHz to 2.8 GHz, matching networks play an important role. The main strategy in designing matching networks is to determine the optimal load impedance for each stage first, then optimize the matching network for each stage and then connect the three stages one by one to finish the whole design.
To find the optimal load impedance of each stage, three load-pull simulations have been carried out at 1.8 GHz, 2.3 GHz and 2.7 GHz, respectively. We first do the conjugate input matching for each stage, then sweep the load impedance and simulate the P 1 dB point for every load impedance. Figure 3 shows the optimal load impedance region at different frequencies for the 3 stages when the P 1 dB is good enough. As shown in Figure 3 , when the frequency increases, the imaginary part of the optimal impedance decreases and real part shares a certain common region. The optimal load impedance of the 3rd stage is located in a narrower region, compared with the other two stages, as shown in Figure 3(c) , which means the performance of the 3rd stage is more sensitive to the variation of the output matching network.
Knowing the optimal load impedance for each stage, the broadband matching network design is started from the 3rd power stage. To convert 50 Ω to the optimal impedance at 1.8 GHz, 2.3 GHz and 2.8 GHz simultaneously, three high pass sections are used as the output matching network, as shown in Figure 1 . The determination of the values of the matching elements is done through optimization and thus is not detailed here. Then design the middle stage matching network to cover the optimal load impedance of the 2nd and 1st stage in turn. The middle stage matching network should be designed as simple as possible to reduce both the gain loss and layout consumption. As shown in Figure 1 , the middle stage matching network is realized using a single inductor along with carefully designed choke inductors, which is realized by bonding wires and lump inductors off the chip. While the output and middle stage matching networks guarantee the best output performance of each stage, the design of input matching network should focus on enhancing the gain flatness over the design frequency range of 1.8∼2.8 GHz. By designing the matching networks in such a reverse order, each stage can cover its optimal load impedance. The optimization of the entire circuit's performance can be done quickly by adjusting the values of the lumped components in the matching networks in a small region. To balance the gain in the design frequency range, an equalizer is necessary to suppress the gain in low frequency band. An L-R equalizer structure is employed in this design which is shown in a dashed rectangle in Figure 1 . By tuning the values of L and R, the suppression can be adjusted for different frequency ranges and the simulated gain suppression is shown in Figure 4 . The gain is suppressed by about 1.5 dB from 1.8 GHz to 2.5 GHz and less than 0.5 dB gain flatness improvement is observed. 
EXPERIMENTAL RESULTS
The proposed PA is fabricated in a GaAs HBT process, within a chip size of 1.25 mm*1.25 mm including all the components. The chip photograph is illustrated in Figure 5 with all the matching networks integrated on chip. In measurement, the chip is glued on a Rogers substrate with supply voltage of VDD = 5 V and VBB = 2.7 V. To evaluate the performance of the designed broadband PA, the small signal test, single-tone test with continuous-wave (CW) signal, and modulated signals tests are performed respectively. Figure 6 (a). The input and output are well matched with S 11 and S 22 near −10 dB from 1.8 GHz to 2.8 GHz. S 21 is above 21.6 dB across the entire 1 GHz bandwidth. Compared with the simulated results (solid lines in Figure 6(a) ), the gain degenerates obviously from 2.5 GHz to 2.8 GHz. The gain flatness can be further improved by tuning the values of the L-R equalizer. The measured Rollet's stability factor [12] (K-factor) is shown in Figure 6 (b) with a value bigger than 3 from 0.5 GHz to 5 GHz which guarantees an unconditional stability of the design. Figure 6 . Measured S-parameters and K factor from 0.5 to 5 GHz. Figure 7 shows the measured performance across 1.8∼2.8 GHz with the 80 MHz bandwidth 7.5 dB PAPR LTE-A signal. The PA delivers a PAE of 7.6%, a power gain of 25.6 dB and an ACPR of −26 dBc with an average output power of 25 dBm at a frequency of 2 GHz. To meet the linearity requirement with an 80 MHz bandwidth LTE-A signals, the careful design of RC feedback structure and output matching networks are far from enough. A large size power stage is chosen to offer enough power back-off and all three stages of the PA are biased near the Class-A mode to improve the linearity in a traditional way. Consequently, the measured PAE will drop to 5.4%∼6.6% in 1.8∼2.8 GHz with an output power of 22 dBm when the ACPR is below −30 dBc. A best PAE of 13.3% is achieved when the output power is 27 dBm at 2 GHz. To test the linearity performance of the designed fully integrated PA, an LTE-A signal composed of four 20 MHz LTE signals with a PAPR of 7.5 dB is applied to it, and the ACLR is measured at center frequencies of 1.8 GHz, 2.2 GHz, 2.4 GHz and 2.8 GHz respectively. Figure 8 shows the measured ACPR results versus average output power tested with 80 MHz BW 7.5 dB PAPR LTE-A signal. The lower and upper side ACPR of a certain frequency are plotted in the same color. As shown in Figure 8 , even driven by an LTE-A signal with 80 MHz bandwidth, the output power is above 15 dBm when ACLR = −40 dBc and more than 22 dBm when ACLR = −30 dBc. Besides, the linearity performance is quite stable over the entire frequency range of 1.8 GHz to 2.8 GHz.
S-parameters are measured with an input power of −30 dBm and shown in
According to the best of the authors' knowledge, few fully integrated LTE power amplifiers have been reported that are tested under broadband signals up to 80 MHz using the CA technology that cover such a wide frequency range. Table 1 shows the performance of the proposed design, compared with the state-of-the-art fully integrated PAs for LTE applications. Considering the broadband input signal and the wideband frequency coverage, the proposed LTE-A PA achieves a favorable linearity performance. GaAs HBT GaAs HBT SOI 180 nm GaAs pHEMT GaAs HBT * Only the PAE for P sat is mention in the paper.
CONCLUSION
This paper proposes a fully integrated LTE-A PA for wideband drive stage power amplifiers used in LTE-A base stations. Realized in GaAs HBT process, the designed PA achieves a power gain above 21.6 dB and saturate output power above 28 dBm in the entire frequency range of 1.8∼2.8 GHz.
With carefully designed dynamic bias circuits and RC feedback structures, high linearity is achieved over a broad frequency range. The linearity performance is measured with an 80 MHz wideband input signal composed of four 20 MHz LTE signals. The average output power is above 22 dBm when ACLR = −30 dBc over the entire frequency range. The proposed broadband PA in this paper offers a positive example for the design of fully integrated power amplifiers for broadband LTE-A communication.
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